Abstract. The paper presents results of studies into the effect of repetitive low-energy impacting (known as impact fatigue) on reliability and crack growth in adhesively bonded joints. This type of loading is compared to the standard tensile fatigue in order to assess severity of such loading regime. Another loading type studied is a combination of a small portion of repetitive impacts with tensile fatigue. Crack propagation in a joint exposed to these types of loading is studied experimentally and numerically (with finite elements). This analysis is accompanied by microstructural studies of various damage processes, active at different stages of the crack growth process.
Introduction
In recent time, the use of adhesive joints in various industries (aerospace being an obvious example) has increased considerably. It is due to their high strength-to-weight ratio, low stress concentration as well as capacity to joint different adherends. The increase in structural applications of such joints presupposes analysis of their response to changing loads. This is usually implemented by means of analysis of damage and fracture under fatigue conditions with a sinusoidally changing load. Still, in real life-applications aerospace and naval structures as well as wind turbines with adhesively bonded joints are exposed to complex loading histories that can not be fully reduced to a combination of purely harmonic excitations with different amplitudes and averages as the use of standard techniques such as rainflow cycle counting implicitly assumes. Such techniques are usually combined with different variants of the Palmgren-Miner rule for assessment of damage/reliability that usually attach a stronger impact to cycles with higher amplitudes.
Still, this approach can mask low-amplitude impacts caused, for instance by sudden blasts of wind or see waves. A study of the repetitive action of such impacts can not be reduced to analysis of harmonic excitation with the same amplitude in fatigue tests. Our analysis of adhesively bonded aluminium plates in [2] has shown that multiple tensile impacting can cause failure of the specimens even when the impact amplitude is well below the durability limit (measured in standard tensile fatigue tests). Another important result is that impacts with a very low energy -below 0.1 J -can also be dangerous. Hence, a regime of low-energy impacting -impact fatigue (IF) -should be tested using relevant testing methods. This paper focuses on analysis of damage and fracture evolution in adhesive joints exposed to low-energy impacting. The experimental data are compared with those for standard fatigue (SF) (i.e. non-impacting, constant amplitude, sinusoidal fatigue) and are additionally studied using computational analysis.
Experimental Studies
Sample preparation. This paper concentrates mainly on testing of samples manufactured by adhesively bonding cured carbon fibre reinforced polymer (CFRP) panels. Results for aluminium adherends can be found elsewhere [2, 3] . The CFRP pre-preg used in this work was nominally 0.125 mm thick comprising 60vol.% of unidirectional T800 fibres in a Rigidite 5245C matrix from Cytec Ltd. A multidirectional (MD) lay-up scheme of [(0/-45/+45/0) 2 ] S was used to manufacture 2 mm thick panels that were cured for 2 hours at 182ºC with an initial autoclave pressure of approximately 600 kN/m 2 . The adhesive used was Hysol Dexter's EA9628, which is a rubber toughened single part epoxy film adhesive of 0.2 mm nominal thickness.
The CFRP panels were grit blasted and acetone cleaned prior to bonding. Assembled joints of adhesive and CFRP were cured under pressure in an autoclave for 60 min at 120ºC. The fatigue samples were cut from the bonded panels using a diamond saw. End tabs were bonded to the samples to aid grip in the fatigue tests and to provide load alignment. The dimensions of the lapstrap joints (LSJs) used in this investigation are given in Fig. 1 . This type of joint consists of a strap adherend, which spans the two loading points, and a lap adherend, which terminates at a point along the strap. Components with this geometry behave very differently to the more commonly used single and double lap joints, and it is more representative of the joints used in real-life structural applications.
Quasi-static and standard fatigue (SF) testing. A servo-hydraulic fatigue testing machine with digital control and computer data logging was used in the quasi-static and SF testing. The quasistatic failure load was calculated as the average of the maximum force reached by two specimens tested at a displacement rate of 0.05 mm/s. SF testing was in load control with a maximum load of 8.5 kN, i.e. approx. 60% of the average quasi-static failure load. A sinusoidal waveform was used with an R-ratio (minimum-to-maximum load) of 0.1 and frequency of 5 Hz. All testing was in ambient laboratory environmental conditions with temperature and relative humidity varying between 18-25ºC and 50-60%, respectively. Thermocouples were placed at various points on the surfaces of the samples in order to investigate any thermo-elastic heating during testing, however, no change in temperature was observed.
Impact fatigue testing. The IF test used in this work was based on repetitive pendulum impacts, as previously described in [3] . The pendulum was released from a pre-selected initial angle, which corresponded to a potential energy of 1.07 J and the pendulum impacted the striking anvil at a velocity of 1.5 m/s. This resulted in a tensile force in the sample similar to that seen in the SF tests, although the boundary conditions were slightly different in that there was more allowable rotation at the loaded end of the sample in the IF. After each impact the pendulum is automatically caught and returned to the loading position, with the time between impacts being approximately 15 seconds. Measurements of force as a function of time were used to calculate velocity and energy.
Crack growth measurement. Two techniques were used to measure crack growth during fatigue testing. The first consisted of measuring the crack at the edges of the specimen using optical microscopy. The second was based on back-face strain measurements [4, 5] . In this technique changes in the measured strains from carefully positioned strain gauges are related to damage in the sample to enable the monitored strain output to provide an in-situ measurement of crack growth during the fatigue tests. In this paper the results from strain gauges bonded to the strap adherend at 15 mm from end of the lap adherend are presented.
Experimental Results
Fatigue crack growth in impact and standard fatigue. A comparison of the fatigue crack growth (FCG) under IF and SF conditions is presented in Fig. 2 that vividly demonstrates the severity of damage evolution under cyclic impact conditions. In general, an initial crack growth rate of approximately 10 -2 mm/cycle was observed in IF that decreased until a crack length of approximately 27 mm was reached, after which the rate plateaued or, in the case of specimen IF1 where the failure included delamination between 0º and 45º plies at the specimen edges, started to increase. The sample tested in SF showed a steady decrease in the FCG rate with crack growth, with rates significantly below those observed in IF.
Initial optical examination of failure surfaces for specimens tested under IF conditions showed patterns of failure similar to those observed in SF [6] . The main mechanism of the initial crack growth was cohesive failure in the adhesive layer. This was followed by a transition region with a mixture of adhesive and CFRP fracture before progressing to a third region, in which crack growth was predominantly in the 0º CFRP ply in the strap adherend adjacent to the adhesive.
However, a more detailed analysis shows distinct differences between the fracture surfaces in IF and SF. In the cohesive failure region for the sample tested in SF, the fracture surface exhibited ductile tearing with void formation by the cavitation of rubber particles and a 'wavy' fracture surface, as seen in Fig. 3 (a) . The cohesive failure region in IF, however, is characterized by a lack of cavitating rubber particles and brittle cleavage fracture, apparent in Fig. 3(b) .
A comparison of the fracture surfaces in the CFRP failure regions also shows differences in the fracture under SF and IF conditions. Failure in SF is characterized by the presence of matrix rollers and deformed shear cusps, as shown in Fig. 4(a) . The latter are related to mode II fracture and during the continuous fretting of surfaces in fatigue can be transformed into matrix rollers. In IF a more brittle behaviour is observed, characterised by the less well developed shear cusps and an absence of matrix rollers, as seen in Fig. 4(b) .
Combined impact and standard fatigue (CISF). In these experiments blocks of 100 impacts were alternated with blocks of 5000 SF cycles. This type of loading represents a loading history with a small fraction of impacts -2%.. The results for such combined loading history are presented in Fig. 5 , with the data from a SF test included for comparison. The overall result is increased and more variable crack growth than that seen in SF. This vividly demonstrates that the inclusion of Crack propagation relatively small periods of cyclic impact in a load spectrum can have a significant, deleterious effect on the evolution of damage in bonded joints. The crack growth rate in the case of the combined loading can be by two orders of magnitude higher than the one under conditions of standard tensile fatigue. It is important to underline that if the crack growth rate was measured within blocks of impacts (open circles in Fig. 5 ) an additional increase in the crack propagation rate by a significant factor (close to 6) is observed. The IF blocks within the loading history also affect the uniformity of the fracture surfaces of adhesively bonded joints, as illustrated in Fig. 6 . The IF crack growth regions are characterized by valleys where no cavitating rubber particles are present. The toughening mechanism characterised by rubber cavitation is active during the SF blocks of the test, but a more irregular distribution of cavities is seen than in the regime of pure standard fatigue. This may be because the crack growth depends on the loading history, being affected by the damage zone ahead of the crack front, where micro-damage can exist [7] . 
Advances in Strength of Materials

Finite element analysis (FEA)
The commercial FEA software MARC 2007 was used to develop non-linear models of the bonded joints using four-noded plane-strain isoparametric elements with assumed strain interpolation. Material properties were obtained from previous work [6, 8] . The strain energy release rate, G, was calculated using the virtual crack closure technique [9] . The first model was used for a quasi static analysis of the LSJ employing the boundary conditions shown in Fig. 7(a) . The second model was developed for an implicit, transient, dynamic analysis of impact in the LSJ with the boundary conditions in Fig. 7(b) . In the latter case the support includes calibrated springs that are used to represent the dynamic response of the supporting vice. Calibration of the springs was carried out using a single aluminium bar of similar dimensions to the LSJ.
Back-face strain results. The results from FEA simulations and experiments with a strain gauge on the strap adherend's back-face in a SF test are shown in Fig. 8 . Strain gauge location has a strong effect on crack monitoring, with the greatest change in gradient seen at the location of the strain gauge. Strain decreases as the crack approaches the location of the gauge and then starts to increase again once the strain gauge location has been passed. The gauge is thus effective at monitoring crack position over a range of approximately 20 mm. The experimental results can be seen to be in excellent agreement to the FEA simulation.
Comparisons of experimental and FEA simulated back-face strain results during an impact for different crack sizes are plotted in Fig. 9 . There is still a reasonable agreement between the experimental and FEA results, although the difference is greater than for the static analysis. This is not surprising because there is more scatter in the experimental results and the modelling is considerably more difficult for the dynamic case. In addition to the added complexity of including dynamic effects it was also found that small misalignments between the hammer and the impact block during the test could have a significant effect on the simulated dynamic response of the sample. It should also be noted that the models reported use 2D formulations, which cannot fully represent the complex crack fronts and process zones observed in real-life tests. Fracture mechanics characterisation of crack growth. Previous work on fatigue crack growth in adhesive joints has shown that the maximum strain energy release rate (G max ) or strain energy release rate range (∆G = G max -G min ) are useful parameters to characterise the fatigue crack growth rate (FCGR or da/dN) [10, 11] . In many cases a plot of relationship between G max or ∆G and the crack propagation rate has three distinct regions [12] : (i) a threshold region at low values of G, (ii) a region in which there is a power law relationship between G and da/dn and (iii) a region of accelerating crack growth as G max approaches the critical strain energy release rate G c . In most cases this relationship has been established using simple sample geometries, such as the double cantilever beam. The LSJ is also suitable for this purpose but caution should be paid to changing mode mixity and multi-mechanism fracture path as the crack propagates in this test since these factors will affect the crack growth rate. A plot of FCGR against G max for SF is shown in Fig. 10 . The plot Figure 10 . Fatigue crack growth in standard fatigue for lap strap joints The dynamic strain energy release rate (G dyn ) can be used to characterise FCG for impact fatigue. It was seen that under impact conditions higher maximum values of force and strain energy release rate were seen than under quasi-static conditions for similar levels of applied load. Figure 11 demonstrates a plot of fatigue crack growth rate as a function of maximum dynamic strain energy release rate in impact fatigue. Comparison of Figs. 10 and 11 illustrates that crack growth in IF is at significantly lower values of strain energy release rate than in SF. An anomalous FCG plot can be seen for sample IF1. At high values of G dyn the results compare well with the other samples, however, below approximately 50 J/m 2 the crack growth rates begins to increase as G dyn decreases. This can be attributed to a change from crack propagation predominantly in the adhesive layer to crack propagation predominantly in the CFRP. This is discussed further in [13] . 
Conclusions
It can be concluded from this work that presence of impacts in a loading history can have a serious deterioration of reliability and integrity of adhesively bonded joints even in cases when the impacts have low amplitude and represent only a small fraction of the loading cycles. The back-face strain technique was found to be a suitable method of monitoring crack growth in both IF and SF. The strain output can be related to crack size via FEA models. Although, this is more difficult for the dynamic case. It is apparent that crack propagation is faster in IF than in SF for similar maximum loads and that the fracture surfaces in IF exhibit more brittle fracture features. It is also found that incorporation of small blocks of IF in a load spectrum can significantly increase the rate of failure of a bonded composite joint. Finally, it is shown that the dynamic strain energy release rate is a suitable fracture parameter for characterising crack growth in impact fatigue.
